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1.  INTRODUCTION 

Research, management, and conservation of highly 
mobile marine predators is challenging due to their 
large-scale movements through a 3-dimensional hab-
itat. Advancements in electronic tagging technologies 
and increased tagging efforts have greatly improved 
our capacity to track marine animal movements over 
vast distances and depths, providing insight into dis-

tributions and complex population dynamics (Block 
et al. 2011, Harrison et al. 2018, Andrzejaczek et al. 
2022). However, there remain significant gaps in our 
understanding of the spatial ecology of highly mobile 
species with irregular or uncoordinated migrations, 
defined here as migrations with variable length, peri-
odicity, or duration among individuals. While some 
highly migratory sharks have been shown to have 
repeatable migrations, such as mature white sharks 
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Carcharodon carcharias in the Northeast Pacific (NEP) 
which predictably move from inshore foraging to off-
shore locations on a seasonal basis (Jorgensen et al. 
2010), others have more variable patterns in their 
movements that are harder to categorize (Weng et al. 
2005, Nasby-Lucas et al. 2019, Elliott et al. 2022). In 
addition, broad-scale analyses of large spatial data 
sets spanning 100s or 1000s of km may mask fine-scale 
patterns of habitat use or site fidelity. Identifying such 
potential areas of cryptic high-use habitat is crucial 
for understanding the full scope of a species’ ecologi-
cal niche and vulnerabilities to human interactions 
and other stressors, particularly for areas linked to 
important life history activities such as reproduction. 

The salmon shark Lamna ditropis is one such highly 
mobile marine predator for which, despite some of the 
longest telemetry tracks recorded for marine mega-
fauna (Weng et al. 2008, Block et al. 2011, Coffey et al. 
2017), complex population dynamics and highly vari-
able migrations have hindered understanding of life 
history. Salmon sharks are endothermic, with a high 
capacity for heat production and conservation, as 
well as cardiac physiology to occupy high-latitude 
niches (Weng et al. 2005, 2008, Goldman & Musick 
2008). Their flexible diet enables salmon sharks to uti-
lize diverse habitats as they range from sub-polar 
waters to subtropical seas in the North Pacific (Smith 
& Rhodes 1983, Weng et al. 2005, 2008, Carlisle et al. 
2011). The population is highly segregated by sex and 
size class, with mature females primarily inhabiting 
the NEP, mature males primarily inhabiting the North-
western Pacific (but also occurring in the NEP), and 
juveniles (in even sex ratios) found in more southerly 
waters, expanding northward and increasingly segre-
gating by sex as they reach maturity (Goldman & 
Musick 2006, 2008, Garcia et al. 2021). However, adults 
of both sexes are known to mix to some extent in the 
highly productive Alaska Downwelling Region (ADR) 
where they aggregate to forage on salmonids and 
other prey species, particularly along the Aleutian 
island chain (Goldman & Musick 2008, Weng et al. 
2008, Carlisle et al. 2011, Garcia et al. 2021). Weng et 
al. (2008) and others (Goldman & Musick 2008, Con-
rath et al. 2014, Carlisle et al. 2015a) have hypothesized 
that mating may occur in the ADR before females 
migrate south to give birth and forage in the North 
Pacific Transition Zone, North Pacific Subtropical 
Gyre, and the California Current Large Marine Eco-
system (CCLME). However, extensive satellite tag-
ging efforts have shown that the timing, route, and 
duration of southern movements from the ADR are 
highly variable among female salmon sharks (Weng 
et al. 2008). This suggests they do not undergo regu-

lar or coordinated migrations, making it challenging 
to assess the importance of these southern habitats. 

Examination of pregnant females by Conrath et al. 
(2014) in Alaska revealed that salmon sharks have a 
biennial reproductive cycle consisting of approx-
imately 9 mo of gestation and a resting phase of at 
least 14 mo. Thus, it is possible that variability in 
migrations might in part be explained by mismatched 
synchronicity in reproductive cycles between fe -
males. Conrath et al. (2014) hypothesized that mating 
most likely occurs in the autumn months (September–
November) in the ADR and that parturition occurs in 
nursery habitat in the North Pacific Transition Zone 
and offshore of the CCLME during late spring or early 
summer. Weng et al. (2008) showed that the highest 
density of female salmon shark activity outside of the 
ADR occurred in the CCLME in the spring months, 
demonstrating that individuals may visit the region 
after parturition to forage. If female salmon sharks 
give birth after fasting during their pelagic migrations, 
as hypothesized in other highly mobile shark species 
(Del Raye et al. 2013), then the coastal CCLME may 
provide critical foraging habitat before they return to 
the northern extent of their range. 

The CCLME is a complex, highly productive region 
(Checkley & Barth 2009) used extensively as a forag-
ing area, aggregation site, and migration corridor for 
many species of marine megafauna, including sharks, 
tunas, marine mammals, seabirds, and turtles (Block 
et al. 2011). The CCLME is also a highly productive 
fishing ground supporting a range of important com-
mercial fisheries where salmon sharks and other large 
elasmobranchs are often caught as bycatch by a myr-
iad of gear types, including longlines, purse seines, 
and trawls (Camhi 1999, Oh shimo et al. 2015, Queiroz 
et al. 2019, Rigby et al. 2019, White et al. 2019, Jannot 
et al. 2021). White et al. (2019) found that 35% of sal-
mon shark core habitat in the NEP, including the 
CCLME, overlapped with industrial fishing fleets 
from 7 nations. This spatial overlap suggests that sal-
mon sharks are likely vulnerable to bycatch in  this 
region. Therefore, additional information on foraging 
hotspots, phenology, and fidelity of use is needed, 
especially if movements in the CCLME are linked to 
parturition or other critical life history phases. 

In this study, we investigated the role of the CCLME 
and northern bordering region along the coast of 
Canada, hereafter called the extended California Cur-
rent region (ECCR), in female salmon shark life his-
tory. We used a large spatial data set spanning 2002–
2019 from 128 female salmon sharks satellite-tagged 
in Prince William Sound, AK, USA. We focused on 
behavior in the ECCR, aiming to characterize (1) spa-
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tiotemporal patterns of distribution, (2) potential hot-
spots of activity, and (3) overlap of salmon shark dis-
tribution with commercial fishing effort. Our re sults 
indicate consistent seasonal patterns of distribution 
and use, existence of high-use focal areas, and poten-
tial interactions with fisheries. Collectively, these 
findings demonstrate the importance of de tailed in -
vestigation of species’ whole ranges to understand 
life history and characterize vulnerabilities. 

2.  METHODS 

2.1.  Satellite telemetry data set 

We analyzed satellite tracking data from 128 salmon 
sharks between 2002 and 2019, of which 109 were 
included in Block et al. (2011) and 64 in Weng et al. 
(2005, 2008), with an additional 19 sharks satellite 
tagged between 2015 and 2019. Salmon sharks were 
caught by hook and line and tagged with Smart Posi-
tion or Temperature Transmitting Tags (SPOT2-5; 
Wild life Computers) in the months of July and Au -
gust in Port Gravina, Prince William Sound, AK, USA 
(Fig. 1), as described in previous publications (Weng 
et al. 2005, 2008, Block et al. 2011, Carlisle et al. 2011). 

SPOT tags use the Argos satellite system to gener-
ate a geographical location when the animal breaks 
the surface (www.argos-system.org) and the tag is 
exposed to air for long enough for uplinks to the 
ARGOS satellite constellation. Argos position data 
are estimated by Doppler and reported by location 
classes (LCs) ranked according to position accuracy. 
The highest-accuracy positions, LC 3, 2, and 1, have 
resolutions of <150, 150–300, and 350–1000 m, 
respectively. Locations classified as LC 0, A, and B 
have estimated resolutions ranging from 8 to 50 km 
(Hays et al. 2001, White & Sjöberg 2002), and LC Z has 
no estimate provided. In this study, we estimated 
movement paths for all SPOT-tagged salmon sharks 
at daily intervals by applying random walk continu-
ous-time models in state-space from Jonsen et al. 
(2023) using the ‘aniMotum’ package in R version 
4.2.3 (R Core Team 2020). For transmission gaps >1 d 
(i.e. when the animal either did not come to the sur-
face or the tag did not transmit), the model generated 
a straight path of evenly distributed daily positions 
between Argos locations. Transmission gaps varied 
among tags but lasted up to several months for some 
individuals. Because these segments represent periods 
of unknown movement and straight-line swimming is 
biologically unfeasible behavior, these segments were 
removed from the model output before analyses. All 

points that occurred on land were also removed from 
the model output. All calculations were conducted 
using the R statistical environment (R Core Team 
2020). 

2.2.  Study area 

We extracted all of the Argos-modeled salmon 
shark positions within the ECCR using ArcGIS Pro 3 
(ESRI, ArcGIS Pro 3.1.0; Fig. 1A). We opted to extend 
our study area north of the CCLME to the southern 
boundary of the Alaskan exclusive economic zone 
to  include data occurring in waters surrounding 
Haida Gwaii, British Columbia, Canada, where sal-
mon sharks frequently occur (Williams et al. 2010) 
but their distribution has not been well described. 

2.3.  Analyses 

Spatiotemporal patterns of female salmon shark 
distribution in the ECCR were investigated by first 
comparing monthly and seasonal latitude and longi-
tude of (1) all daily positions and (2) monthly means 
for individual sharks. The total proportion of daily 
positions within the ECCR was also calculated for all 
individuals. We then investigated potential seasonal-
ity of use by comparing tagging data among the 3 
oceanographic seasons that have been described for 
the CCLME. These seasons, which are categorized by 
distinct shifts in environmental conditions, are the 
Upwelling Season (UPS), Oceanic Season (OCS), and 
Davidson Current Season (DCS) (Skogsberg 1936, 
Skogsberg & Phelps 1946, Bolin & Abbott 1963, Huyer 
1983). The UPS occurs as winds along the coast inten-
sify, resulting in upwelling of cold, nutrient-rich water 
from March through July. The OCS, also known as 
the relaxation season, is characterized by slackened 
winds, reduced upwelling, and the weakening of the 
thermocline as surface waters warm between August 
and November. The DCS, which occurs from December 
through February, is characterized by minimized up -
welling of the California Current, the formation of a 
northward coastal current, and winter storms which 
often increase mixing throughout the water column. 

Kernel density estimates (KDEs) of all daily posi-
tions within the ECCR for each oceanographic season 
were used to identify distribution patterns and poten-
tial high-use areas. We used the kernel density spatial 
analyst tool in ArcGIS Pro 3.1.0 (ESRI), which calcu-
lates the magnitude-per-unit area of point features 
using a kernel function, producing a smooth density 
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surface of spatial point events in 2-dimensional space. 
We used the default search radius, which calculates 
a value based on a spatial variant of Silverman’s Rule 
of Thumb (Silverman 1986), the Geo desic method 
(which takes into account the curvature of earth), and 
used the ECCR as a boundary feature for calculations. 
The lowest of 10 equal-interval density classes was 
removed from maps to increase ease of visual inter-
pretation. 

Next, we calculated the densities of individual oc -
currence within the ECCR by overlaying a 50 × 50 km 
grid over the study area and quantifying the number 
of ‘unique visitation IDs’ (individual sharks) that 

occurred within each cell during each season. Unique 
visitation IDs correspond with unique identifiers 
assigned to each animal for every 3-season cycle it 
carried a tag (i.e. 12 mo periods spanning the DCS, 
UPS, and OCS; for example, December 2012 to 
November 2013). This approach was used so that den-
sity estimates of individuals would count unique visi-
tation events for sharks which returned to the same 
cell across multiple years. Note that these calcula-
tions represent the total number of sharks which 
occurred in each square for each season and do not 
account for duration of presence (i.e. 1 versus 20 d 
spent in a grid cell) or revisits of an animal within a 
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Fig. 1. Salmon shark occurrence in the Northeast Pacific between 2002 and 2019. Electronic tagging data set representing 128 
female salmon sharks tagged in Prince William Sound Alaska, USA (marked in panel B). (A) Points for 28019 daily detections; 
point colors correspond to Longhurst Biogeographic Provinces: Alaska Coastal Downwelling Province (ALSK; pink), also 
known as the Alaska Downwelling Region; North Pacific Epicontinental Province (BERS; green); Pacific Subarctic Gyres Prov-
inces East (PSAE; purple); North Pacific Polar Front Province (NPPF, yellow), also known as the N. Pacific transition Zone 
(NPTZ); North Pacific Tropical Gyre Province (NPTG, blue); and the California Current Province (CCAL; cyan). For additional 
details, see Longhurst (2007). (B) Kernel density estimates (KDEs) for all points shown in panel (A). (C) KDEs for all daily po -
sitions occurring within the extended California Current region (ECCR), outlined in all panels, comprising the California 
 Current Large Marine Ecosystem (CCLME) and the exclusive economic zone of western Canada. In panels (B) and (C), yellow  

(purple) colors represent high (low) densities of detections 
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unique season (for example, if an animal moved back 
and forth between 2 grid cells several times during 
UPS 2015, it would only count as one unique vis -
itation in each cell). We then compared mapping 
methods to investigate whether daily position versus 
unique visitation ID densities revealed the same pat-
terns of distribution and areas of core activity. 

Where high density areas overlapped for both spa-
tial analyses, we visually examined bathymetry and 
potential aggregating features such as banks or mar-
ine canyons. Total shark visitation was then estimated 
by generating a 50 km search radius (the maximum 
error associated with Argos transmissions used) 
around focal features and quantifying the number of 
individuals which occurred within that boundary. We 
also estimated the number of sharks which revisited 
each feature. Revisits were defined as events where an 
animal returned to a feature after excursions outside 
of the 50 km search radius for >3 mo or >300 km 
away. All spatial analyses were conducted using Arc-
GIS Pro 3.1.0 (ESRI). 

2.4.  Overlap with commercial fishing effort 

We investigated possible interactions between sal-
mon sharks and fisheries by examining total apparent 
fishing effort data produced by Global Fishing Watch 
for commercial vessels in the ECCR (Kroodsma et al. 
2018). This included data for all available gear types 
that are known to interact with salmon sharks (tuna 
purse seines, non-tuna purse seines, drifting longlines, 
trawlers, set longlines; White et al. 2019) between 2012 
(the earliest data gathered) through 2019. This data 
set was previously produced using machine learning 
algorithms that identify apparent fishing activity from 
Automatic Identification System (AIS) vessel detec-
tions based on features such as changes in vessel 
speed and course (Kroodsma et al. 2018). AIS data sets 
capture an estimated 50–75% of offshore fishing activ-
ity, as many vessels are not outfitted with AIS devices 
or consistently use them (Kroodsma et al. 2018). We 
assessed cumulative apparent fishing effort within 
0.1 × 0.1 degree cells throughout the whole ECCR for 
each oceanographic season. Monthly patterns of fish-
ing effort were also assessed around each feature 
identified by mapping analyses as a potential hotspot. 

3.  RESULTS 

Of 128 salmon sharks satellite tagged in the NEP, 
88 (68.8%) visited the ECCR, comprising 9423 (33.6%) 

of 28 019 daily positions (Fig. 1). Track durations 
(measured from tagging date to final detection) had a 
mean (±SD) of 447.7 ± 381 d and ranged from 25 to 
1380 d at large for individuals. All sharks tagged were 
adult females, with a mean fork length of 206.2 ± 15.1 
cm. All tags were deployed in July or August in Prince 
William Sound from 2002 to 2015. No males were 
tagged in the region, although coauthors witnessed 
sport fishers catch several males by hook and line in 
the same vicinity. 

Sharks that visited the ECCR had a mean of 38.5 ± 
23.0% of their daily detections occur in the region, 
ranging from <1 to 85.4% and 1 to 573 detections per 
individual. Of the sharks which visited the ECCR, 51 
had tracking records >1 yr. Of these longer-duration 
tracks, 24 individuals (48%) made at least 2 full migra-
tions to the ECCR from the ADR (see Fig. 1A) during 
the period they carried the SPOT tags. Of the remain-
ing 27 sharks with track durations >1 yr, 9 had >50% 
of their detections occur in the ECCR. The phenology 
of occurrence (periodicity of arrival, residency, and 
revisitation) in the ECCR was highly variable (Fig. S1 
in the Supplement at www.int-res.com/articles/
suppl/m735p125_supp.pdf), with some individuals 
spending multiple years within the ECCR (Fig. S1A, 
some making recurring visits to the ECCR after 
spending  time in the North Pacific Transition Zone 
(Fig. S1B), and others making repeated annual excur-
sions from the ADR to the ECCR or only briefly pass-
ing through the ECCR during transit to destinations 
farther south. 

3.1.  Seasonal patterns of distribution in the ECCR 

Monthly mean latitudes of all points (Fig. 2A) and in-
dividual shark monthly means (Fig. 2B) within the 
ECCR showed seasonal oscillations with lowest 
mean and median latitude values occurring in the 
UPS (March–July) and DCS (December–February) 
and highest values in the OCS (August–November). 
Mean latitudes calculated for all ECCR daily positions 
in each season also reflected this pattern, where the 
UPS had a mean of 39.5 ± 5.5°, OCS 47.1 ± 4.6°, and 
DCS 41.0 ± 7.9°. Both all and individual monthly 
mean positions exhibited seasonal longitudinal pat-
terns, with the most pronounced shift occurring 
eastward between the UPS and the  OCS when dis -
tribution also shifted north. The OCS (44.3%) and UPS 
(40.0%) comprised most of the tracking record in the 
ECCR, with the DCS making up the remaining 16.7 % 
of daily positions. The OCS had the highest number 
of individual sharks (n = 74) and unique visitation IDs 
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(n = 109; representing the cumulative number of vis-
itations across all years of data), followed by the UPS 
(54 individuals, 73 visitation IDs) and the DCS (41 in-
dividuals, 55 visitation IDs). 

3.2.  Seasonal hotspots 

Both mapping methods revealed high-density areas 
of daily positions (Fig. 3A–C) and unique visitation 
IDs (Fig. 3D–F) in the ECCR in the vicinity of coastal 
bathymetric features such as undersea banks, marine 
canyons, and river mouths. 

3.2.1.  Upwelling Season (Mar–Jul) 

Salmon sharks had the most constrained and coastal 
distribution in the UPS compared to the other sea-
sons. The KDE analysis showed 2 focal areas along 
the Central and Northern California coast centered at 
approximately 38.0° N, 123.4° W and 41.2° N, 124.6° W 
(Fig. 3B). The grid analysis showed a more diffuse dis-
tribution of high-density areas along the coast be -
tween the 2 areas identified by the KDE an alysis, with 
the highest density of unique visitation IDs (n = 19) 
occurring near 39.0° N, 124.0° W (Fig. 3E). Among the 
areas where the highest density of points and shark 
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Fig. 2. Monthly latitudinal distribution of salmon sharks in the extended California Current region (ECCR) from 2002 to 2019. 
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visitation ID counts (>15 individuals) overlapped, we 
identified the areas surrounding Trinidad Canyon and 
the Klamath River mouth (Fig. 4A) and Cordell Bank 
(Fig. 4C) as potential aggregating features. 

Search radii of 50 km revealed that 26 individual 
sharks visited the area surrounding Cordell Bank, a 
marine sanctuary, and 24 sharks visited the vicinity of 
Trinidad canyon, a deep >1000 m marine canyon 
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Fig. 3. Seasonal distribution of female salmon sharks in the extended California Current region (ECCR) between 2002 and 
2019. (A–C) Kernel density estimates of all daily positions; yellow: areas of high density; dark purple: areas of low density, with 
the lowest density class removed for ease of visualization. (D–F) Grid counts of unique visitation IDs within 50 × 50 km squares. 
Unique visitation IDs correspond with unique identifiers assigned to each animal for every year it carried a tag, thus allowing 
quantification of repeat visitations across years. Yellow: grid cells with the highest counts; dark purple: areas with the lowest 
counts. Columns correspond with oceanographic season: Davidson Current Season (A,D), Upwelling Season (B,E), and 
Oceanic Season (C,F). The number of daily positions (A–C ) and unique visitation IDs (D–F ) for each season are reported in  

the top left of each panel
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close to shore, with a maximum of 63 daily positions 
per individual across the whole tracking record for 
both sites (Table 1). Seven sharks revisited the Cord-
ell Bank area, with 1 individual visiting 4 times during 
its 3 yr tracking record. Five sharks revisited Trinidad 
Canyon, with 1 individual visiting 4 times over its 4 yr 
tracking record, and 25 sharks came within 100 km 
and 16 within 50 km of the Klamath River mouth for a 
maximum of 85 and 18 daily positions, respectively 
(Table 1). Three sharks revisited within a 50 km dis-

tance of the Klamath River mouth for a maximum of 
2 visits. 

3.2.2.  Oceanic Season (Aug–Nov) 

Our KDE spatial analysis revealed 2 high-density 
areas in the OCS, one centered at approximately 
44.1° N, 124.8° W and the second near the northwest 
corner of Haida Gwaii (Figs. 3C,F & 5). The grid 
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Fig. 4. High-use areas and potential aggregating features for salmon sharks during the Upwelling Season (August–November; 
Fig. 3B) identified by spatial analyses. Map color corresponds to results from kernel density estimates, with yellow (dark pur-
ple) showing areas of high (low) density of salmon shark daily positions. The lowest density class has been removed for ease of 
visualization. Black squares show the location of 50 × 50 km cells with the highest unique visitation counts from the grid an -
alysis (Fig. 3E): 15 unique IDs in panel (A) and 19, 17, and 15 in each square moving north to south in panel (B). The dotted lines  

indicate the location of Trinidad Canyon in panel (A) and Cordell Bank in panel (C) 

Feature                                 Season of                 n 50 km                   Max. n                     n revisits           n 100 km                Max. n 
                                             heightened                 radius             daily positions                                             radius           daily positions 
                                                 activity                                                       ind.–1                                                                                      ind.–1 
 
Cordell Bank                           UPS                            26                             63                                 7                         –                           – 
Trinidad Canyon                    UPS                            24                             63                                 5                         –                           – 
Heceta Bank                           OCS                           24                             54                                 9                         –                           – 
NW Haida Gwaii               OC/DCS                       18                             36                                 4                         –                           – 
NE Haida Gwaii                     DCS                             8                              75                                 2                         –                           – 
Klamath River                         UPS                            16                             18                                 3                         25                           85

Table 1. Visitation by mature female salmon sharks to the areas surrounding potential aggregating features within the 
extended California Current region. Values reported include the number of individuals which came within a 50 km search 
radius, the maximum number of daily positions per individual within the search radius, and the number of sharks that revisited 
the feature after either a >3 mo or >300 km excursion outside of the 50 km radius. For the Klamath River, all values are also  

reported for a 100 km search radius. UPS:  Upwelling Season; OCS:  Oceanic Season; DCS:  Davidson Current Season 
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ana lysis also showed high concentrations of individ-
uals in these areas, with the highest density of 17 
unique visitation IDs occurring at the more southern 
site where we identified Heceta Bank and its sur-
rounding area as a potential aggregating feature 
(Fig. 5B). 

We found that 24 sharks came within a 50 km radius 
of Heceta Bank across all seasons, with a maximum of 
54 daily positions per individual. Nine sharks revis-
ited the Heceta Bank area with a maximum of 3 visits 
per individual over a 4 yr tracking record. For Haida 
Gwaii, 18 sharks visited the NW corner for a maxi-
mum of 36 daily positions per individual, and 4 sharks 
revisited with a maximum of 3 visits per individual 
(Table 1). 

3.2.3.  Davidson Current Season (Dec–Feb) 

Sharks were more dispersed and occurred at lower 
densities (maximum 7 visitation IDs) during the DCS. 
However, both analyses showed higher densities in 
the area surrounding San Francisco Bay, Monterey 
Bay, and nearby seamounts (Guide, Gumdrop, and 
Pioneer; Fig. 6B), and the NE corner of Haida Gwaii 
(Fig. 6A), where 8 sharks visited within a 50 km radius 
across all seasons with an individual maximum of 75 
daily positions. Two sharks revisited Haida Gwaii’s 

NE corner with a maximum of 2 visits per individual 
(Table 1). 

3.3.  Overlap with fishing effort 

To examine the relationship between salmon shark 
habitat and commercial fishers, a map of cumulative 
apparent fishing effort across international commer-
cial vessels between 2012 and 2019 revealed that fish-
ing occurred throughout the ECCR but was most con-
centrated within 200 km of the coast across all seasons 
(Fig. S2). All salmon shark potential aggregating fea-
tures identified in this study (Figs. 4–6) occurred 
within the band of high-intensity apparent fishing pres-
sure along the coast. Cumulative fishing effort around 
the 2 high-activity areas identified for the UPS peaked 
in June for the northern site (Fig. 7D) and September 
for the southern site, with a secondary peak in June 
(Fig. 7E). Cumulative fishing effort was highest during 
March/April for the northern hotspot near NW Haida 
Gwaii identified for the OCS with a second smaller peak 
in September/October (Fig. 7A). The southern hotspot 
near Heceta Bank identified for the OCS had a peak 
in cumulative fishing effort in October (Fig. 7C). For 
the areas identified in the DCS, fishing effort peaked 
in September and November near NE Haida Gwaii 
(Fig. 7B) and August for the southern area (Fig. 7F). 
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Fig. 5. As in Fig. 4, but during the Oceanic Season (August–November; Fig. 3C). Black squares show the location of 50 × 50 km 
cells with the highest unique visitation counts from the grid analysis (Fig. 3F): 15 in panel (A) and 17 in panel (B). The dotted  

line in panel (B) shows the location of Heceta Bank
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4.  DISCUSSION 

In this study, we utilized one of the most extensive 
satellite telemetry data sets from a pelagic mobile 
predator to examine salmon shark movement and 
habitat use across the ECCR. The data reveal that, 
despite variable migrations, female salmon sharks 
exhibit consistent spatiotemporal patterns of distri-
bution within this region that are timed to specific 
bathymetric, river, or sea mount locations and in 
particular seasonal cycles. This is congruent with 
previous hypotheses concerning potential foraging 
and post-parturition behavior (Goldman & Musick 
2008, Weng et al. 2008, Block et al. 2011, Conrath et 
al. 2014, Carlisle et al. 2015b). The high proportion 
of  total tagged individuals and daily detections in 
the ECCR (n = 88 individuals; 38.51 ± 23.04%), along 
with high incidence of fidelity to newly identified 
hotspot areas, indicate that the region plays a con -
sistent and important role in salmon shark life his-
tory. Overlap of movement patterns in the ECCR 
with commercial fishing efforts of variable gear types 
illustrates the importance of considering the region 
for future management of bycatch and salmon shark 
population assessments. Overall, our results demon-
strate the influence of spatial and temporal scale 
on  interpretation of large-movement data sets and 
highlight the necessity for investigating regions of 
potentially important habitat outside of well-studied 
regions. 

4.1.  Seasonality of distribution 

The high endothermic capacity and unique cardiac 
physiology of salmon sharks provides a broad thermal 
tolerance for this species, which is capable of occupy-
ing ambient temperatures varying as much as 25°C 
(Smith & Rhodes 1983, Bernal et al. 2005, Weng et al. 
2005, Goldman & Musick 2008). Thus, it is unlikely 
that seasonal shifts in adult female salmon shark den-
sity within the ECCR are due to physiological con-
straints and are more likely driven by seasonal 
changes in prey availability and/or other life history 
requirements. Migrations of marine predators includ-
ing sharks, tunas, whales, and pinnipeds following sea-
sonal changes in prey distribution and productivity 
have previously been described in the ECCR (Block et 
al. 2011). For instance, shortfin mako Isurus oxyrinchus 
and white sharks, both in the family Lamnidae with sal-
mon sharks and sharing similar endothermic physio-
logical characteristics, exhibit seasonal movements in 
the ECCR associated with for aging. White sharks ag-
gregate along the Central California coast peaking in 
September–February to forage on pinniped aggrega-
tions in between annual offshore migrations (Anderson 
et al. 2011, Block et al. 2011, Carlisle et al. 2012, Jor-
gensen et al. 2012, 2010). Nasby-Lucas et al. (2019) 
showed that mean latitudinal distribution of large 
(>165 cm) and small (<165 cm) shortfin mako sharks 
shifted northward in the CCLME from April to August 
(concurrent with the UPS) in accordance with primary 
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Fig. 6. As in Fig. 4, but during the Davidson Current Season (December–February; Fig. 3C) Black squares show the locations 
of 50 × 50 km cells with the highest unique visitation counts from the grid analysis (Fig. 3E): 6 in panel (A) and 7 outlined 
in black and 6 outlined in gray in panel (B). The dotted lines in panel (B) show the locations of Guide, Gumdrop, and Pioneer  

Seamounts; Monterey Bay and the Farallon Islands are also labeled
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production and sea surface temperature fluctuations. 
Phenology of the ‘spring transition’, marked by in-
creased alongshore winds and upwelling along the 
central and northern CCLME, is variable from year to 
year, but generally begins in March or April, lasts for 
about a month, and progresses from south to north 
(Huyer & Smith 1977, Huyer et al. 1979, Lynn et al. 
2003, Checkley & Barth 2009). Subsequently, produc-
tivity cycles peak (and end) earlier in the southern 
CCLME/ECCR than in the north. It is possible that 
our observed northward shift of salmon shark distribu-
tion is due to sharks following the progression of peak 

primary productivity or northward movement of target 
prey species that also may be more thermally limited 
than salmon sharks. 

Salmon shark diets within the ECCR have not been 
reported but are likely similar to their prey in other 
regions. Salmon sharks are known to be opportunistic 
hunters that feed on a wide array of forage species 
including salmonids (Oncorhynchus spp.), sablefish 
Anoplopoma fimbria, squid (Teuthoidea spp.), rock-
fishes (Sebastes spp.), Pacific herring (Clupeidae), 
and mackerel (Scomber spp.) (Nagasawa 1998, Hul-
bert et al. 2005, Goldman & Musick 2008, Carlisle et 
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Fig. 7. Cumulative monthly apparent fishing effort within seasonal hotspots of salmon shark activity in the extended California 
Current region (ECCR) drawn from the Global Fishing Watch database for 2012–2019 for all gear types known to interact with 
salmon sharks (purse seines, longlines, trawlers). Each plot (A–F) corresponds with a labeled black rectangle on the map and 
shows monthly cumulative apparent fishing hours versus month. Black rectangles indicate area surrounding both the highest 
density of individual positions (Fig. 3A–C) and highest density of visitation IDs (Fig. 3D–F) in each area. Color labels to the 
right of each plot indicate the season during which it is a hotspot of salmon shark activity, and corresponding months are high- 

lighted in the same color
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al. 2011), all of which occur in the ECCR (Carlisle et 
al. 2011, Koslow & Davison 2016). Stomach content 
analyses of shortfin mako, blue sharks Prionace 
glauca, and thresher sharks (Alopias spp.) in the Cali-
fornia Current showed high occurrence of many 
known salmon shark prey species, suggesting high 
abundance of a diverse forage base in the region 
(Preti et al. 2012). Studies of predator-mediated 
oceanographic nutrient cycling have largely focused 
on marine mammals, birds, and anadromous fishes 
(Doughty et al. 2016); however, consumption esti-
mates by Manishin et al. (2019) suggest that salmon 
sharks have similar energetic requirements to piscivo-
rous marine mammals. Thus, salmon sharks are likely 
an important vector of energy and nutrient transport 
between the ECCR and adjacent oligotrophic zones. 

Previous studies of salmon shark horizontal and ver-
tical movements corroborate salmon shark foraging 
behavior in the ECCR. Coffey et al. (2017) found ev-
idence of diel vertical migrations in the region in ar-
chival satellite tracking records for adult females. 
Dives during daylight hours from the surface to below 
the thermocline to ~200–400 m suggested that they 
pursue vertically migrating prey when in the offshore 
waters within the ECCR and subtropical gyre. Weng et 
al. (2008) found an increase in area-restricted search 
behavior (often associated with foraging) by salmon 
sharks in the ECCR during spring months (concurrent 
with UPS) when chlorophyll a concentration peaked. 
However, they found a decrease in this behavior when 
primary production peaked in the late summer (late 
UPS/early OCS), a contrast to the results of this study. 
It is possible that our inclusion of the region surround-
ing Haida Gwaii and division of data by oceanographic 
season, which reflects the northward progression of 
the spring transition, may explain this discrepancy be-
tween our data and those of Weng et al. (2008). The lat-
itudinal shift between the UPS and OCS might also be 
explained by niche partitioning or predator avoidance 
with other larger lamnid shark species, as adult white 
shark (Jorgensen et al. 2010) and shortfin mako shark 
(Nasby-Lucas et al. 2019) densities peak in Central 
California in the fall months, coincident with the OCS. 
For instance, in a region where spatial overlap among 
lamnid species in the NEP is assumed, there is doc-
umented evidence of predation of a tagged salmon 
shark (presumably by a white shark based on the stom-
ach temperature data of 27°C from the consumed tag) 
(B. Block unpubl.). 

It is important to note the inherent limitations asso-
ciated with SPOT technology and study design which 
affect this data set and our interpretations. Salmon 
sharks likely spend extended periods at depth with-

out breaking the surface, as evidenced by transmis-
sion gaps in several tracks. These periods may corre-
spond with important behaviors, such as extended 
residency around bathymetric features, which are 
impossible to infer with this technology, which only 
detects surface swimming. Further, oceanographic 
seasons in the ECCR affect thermal mixing, dissolved 
oxygen, and other conditions which impact salmon 
shark vertical distribution (Coffey et al. 2017), espe-
cially during the OCS when winter storm activity 
increases. However, Coffey et al. (2017) found that 
salmon sharks spent more time (45%) in the top 10 m 
of the water column in the ECCR compared to other 
regions in the NEP, and spent 80% overall between 
the surface and 100 m. This suggests a higher prob-
ability of detecting daily movements by surface lim-
ited technologies (such as SPOT tags) in the ECCR 
compared to other areas of the salmon shark range. 
Additional tagging efforts using technologies that 
capture vertical and horizontal movement, as well as 
deploying tags in locations other than Prince William 
Sound, AK, USA, would shed additional light on hab-
itat use and behavior. It is possible that there are 
subpopulations elsewhere that display different 
movement patterns. However, there are no published 
records (and we are unaware) of female adult salmon 
sharks aggregating in numbers comparable to those 
observed in the ADR. 

4.2.  Hotspots 

Seasonal hotspots of adult female salmon shark 
activity in the ECCR further support the hypothe-
sized foraging function of this region. Ocean banks, 
seamounts, and marine canyons are highly produc-
tive and known to attract large-bodied marine pred-
ators (Morato et al. 2010, 2016, Curnick et al. 2020). 
These features aggregate plankton biomass and for-
age species (Boehlert & Genin 1987, Clark et al. 2010, 
Rogers 2018, Santora et al. 2018) due to localized 
upwelling, eddy formation, and closed circulation 
patterns. Heceta (Tissot et al. 2008) and Cordell 
(Kieckhefer 1992, Pirtle 2005) Banks support high 
biomass of known prey species for salmon sharks, 
including rockfishes. Due to high productivity and 
densities of forage fish species, commercial fishing 
effort in these areas is generally high (Morato et al. 
2006, Koslow & Davison 2016, Kroodsma et al. 2018; 
Fig. S2). 

Williams et al. (2010) observed salmon sharks near 
the shelf break over the heads of submarine canyons 
around Haida Gwaii and Queen Charlotte basin. They 
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hypothesized that sharks aggregate in this area to 
intercept salmonids returning to their natal rivers and 
forage on abundant prey near high productivity up -
welling zones. They reported large numbers of sharks 
during the summer (coincident with the UPS and 
early OCS) but did not observe any salmon sharks 
during their spring surveys (early UPS). Our data cor-
roborate these conclusions, as we found the lowest 
densities of salmon sharks around Haida Gwaii dur-
ing the UPS. The Klamath River has historically sup-
ported populations of multiple species of salmonids 
(Shaw et al. 1997, National Research Council et al. 
2004, Strange 2012), suggesting that salmon sharks 
may also target this area for foraging. 

4.3.  Reproduction and potential vulnerabilities 

It is possible that female salmon sharks use the 
ECCR as a critical foraging area following an ex -
tended gestation period and reproductive migration. 
In this scenario, it is likely that the energetic stores of 
female salmon sharks are depleted and require rapid 
replenishment after heavy investment into provision-
ing embryos, large-scale migration, and parturition. 
Similar behavior has been observed, for example, in 
female sand tiger sharks Carcharias taurus, which 
rapidly increase foraging after parturition to replen-
ish hepatic lipid stores depleted during gestation 
(Willson & Smith 2017, Wyffels et al. 2020). Our find-
ing of high salmon shark density in the southern 
ECCR during the UPS is consistent with the hypothe-
sis that females give birth in the North Pacific Tran-
sition Zone or pelagic ECCR in early spring, then 
move to the ECCR to forage (Goldman & Musick 
2008, Weng et al. 2008, Conrath et al. 2014, Carlisle et 
al. 2015b). However, some females entered the ECCR 
from northern coastal routes or spent several consec-
utive years in the region (Fig. S1). It is possible that 
these females entered the ECCR post-mating or in a 
reproductive resting phase. The ECCR may therefore 
provide important foraging habitat in complex multi-
year reproductive cycles. Further, Carlisle et al. 
(2015a) found that the occurrence and distribution of 
juvenile (primarily neonatal and young of the year) 
salmon sharks strandings in the ECCR occurred with 
the same seasonal and temporal patterns as adult 
female distribution found in the study. This suggests 
that the ECCR may also provide nursery and foraging 
habitats for juveniles. 

We found that female salmon shark distribution in 
the ECCR overlapped with commercial fishing effort 
distribution from 2012–2019, highlighting the poten-

tial for interactions in the region. This was particu-
larly pronounced by the coincidence of peak seasonal 
cumulative fishing effort near hotspot regions in the 
UPS (Fig. 7D,E) and OCS (Fig. 7A,C), with peak 
occurrence of salmon sharks in those areas. Salmon 
sharks have historically been caught as target and 
non-target bycatch in commercial and small-scale 
pelagic longline, purse seine, gillnet, trammel net, 
and trawl fisheries, as well as by rod and reel (Camhi 
et al. 2008, Goldman & Musick 2008, White et al. 
2019). In the past decade, approximately 50–75% of 
offshore fishing activity is now trackable via AIS 
detections. As such, our results should be taken as 
minimum estimates of fishery overlap, since it is pos-
sible that additional hotspots of overlap exist that are 
not reflected in our available data sets. Further, since 
apparent fishing effort data sets were produced using 
algorithms that are >95% accurate, it is also possible 
that some algorithm misclassification occurred in 
some regions. Finally, the spatiotemporal overlap of 
salmon sharks and commercial fisheries may not nec-
essarily equate to patterns of catch, as factors such as 
catchability may differ across regions, gear types, and 
time periods. 

Population trend data for salmon sharks in the 
whole NEP have not been available since the 1990s, 
although anecdotal information from fishers in Alaska 
indicates declines in interactions in recent years 
(Rigby et al. 2019). A 2018 stock assessment by NOAA 
recommended no changes to the acceptable biolog-
ical catch and overfishing levels for salmon sharks 
based on historical catch data from the period 1997–
2007, from which their model deemed overfishing had 
not occurred in the region (Tribuzio et al. 2018). 
However, this assessment only focused on the Gulf of 
Alaska and did not account for potential fisheries 
interactions in the ECCR. As such, future population 
assessments should take possible vulnerabilities within 
the ECCR into account. Cortés (2002) found that 
juvenile survivorship was the primary determinate of 
population mean elasticity of a salmon shark conge-
ner, the porbeagle shark Lamna nasus. As reproduc-
tive success and parturition are directly linked to 
juvenile survivorship, further investigation of where 
and when core use areas for both adult female and 
juvenile salmon sharks occur and potentially overlap 
with negative interactions is critical. 

4.4.  Conclusions 

In light of ubiquitous declines in shark populations 
(Heithaus et al. 2008, Pacoureau et al. 2021, Worm et 
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al. 2024) and predicted changes in migrations and 
phenology induced by climate change and other 
anthropogenic stressors (Anderson et al. 2013, Poloc-
zanska et al. 2013, Sydeman et al. 2015), identifying 
areas of potential critical habitat throughout whole 
ranges of highly mobile species is essential for suc-
cessful management and conservation (Jorgensen et 
al. 2022). In this study, we found consistent spatio-
temporal distribution and previously unknown hot-
spots of female salmon shark activity within the 
ECCR. We found that these patterns occur in accor-
dance with the unique oceanographic seasons of the 
region, demonstrating the importance of considering 
localized drivers to understand habitat use and the 
influence of spatial and temporal scale on the inter-
pretation of large spatial data sets. We conclude that 
the ECCR provides important foraging habitat for 
female adult salmon sharks. Overlap of female sal-
mon shark activity and hotspot areas in the ECCR 
with high fishing effort within both the exclusive eco-
nomic zones of both the USA and Canada emphasizes 
the necessity of understanding fine-scale space use 
and vulnerabilities for effective management and 
conservation of this wide-ranging species. 
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